In this study, the probabilistic exergoeconomic analysis was performed for four industrial gas turbine (GT) units comprising two (GT16 and GT19) units of 100 MW GE engine and two (GT8 and GT12) units of 25 MW Hitachi engine at Transcorp Power Limited, Ughelli. These four industrial GT engine units were modelled and simulated using natural gas as fuel. The design point (DP) simulation results of the modelled GT engines were validated with the available DP thermodynamic data from original equipment manufacturer (OEM). This was done before the off-design point (ODP) simulation was carried out which represents the plant operations. The results obtained from exergy analysis at full load operation show that the turbine has the highest exergy efficiency followed by compressor and combustion having the least. For turbines these were 96.13% for GT8 unit, 98.02% for GT12 unit, 96.26% for GT16 unit, and 96.30% for GT19 unit. Moreover, the combustion chamber has the highest exergy destruction efficiency of 55.16% GT8 unit, 56.58% GT12 unit, 43.90% GT16 unit, and 43.30% GT19 unit respectively. The exergy analysis results obtained from the four units show that the combustion chamber (CC) is the most significant exergy destruction with lowest exergy efficiency and highest exergy destruction efficiency of plant components. The exergoeconomic analysis results from four units showed combustion chamber exergy destruction cost of 531.08 $/h GT8 unit, 584.53 $/h GT12 unit, 2351.81 $/h GT16, and 2315.93 $/h GT19 unit. The probabilistic results and analysis based on the input parameters distributions were evaluated and discussed. Energy and Power Engineering emission regulation has led researchers and industries to seek for more efficient energy systems with reduced thermal losses [1] [2] [3] [4] . In order to utilize the high economic and energy saving potential of a gas turbine power plant in simple and combined cycles modes, it is important to identify the deviation of performance parameters and their impact on the overall performance of the power plant. The exergy method is a performance analysis of a thermal system based on the second law of thermodynamics which extends beyond the limits of energy-based analysis since exergy is generally not conserved as energy but is destroyed in the system. The exergy method assists in identifying the source and magnitude of performance loss in a thermal system by measuring the irreversibilities that occur in different components and locations of the system [4] [5] [6]. Energy analysis is only able to quantify efficiency of plants without pin pointing components energy losses and cannot assess the qualities of the energy. To overcome this limitation, there is need of exergy analysis, which can not only determine magnitudes, location and causes of irreversibilities in the plants, but also provides more meaningful assessment of power plant components efficiency. Exergy analysis is a useful method to complement, not to replace the energy analysis [7] . The exergy analysis based on the second law of thermodynamics has found as useful method in design, evaluation, optimization and improvement of thermal power plants [8] [9] .
Introduction
The uncertainty in energy prices and increase in demand coupled with stringent How to cite this paper: Ogbe, O.P., Anosike, N.B. and Okonkwo, U.C. (2017) Probabilistic Exergoeconomic Analysis of Tran-affected by inefficiencies within the power system. Ogaji [17] utilized first law to develop a computer simulation model for investigating the performance of various gas turbine cycles. Pankaj [18] verified the impact of high ambient air temperature on the performance of various gas turbine models utilizing performance data obtained for each model as a basis for comparison and proposed the Earth Tube Heat Exchanger (ETHE) technology as the most effective and economical inlet air cooling method. The importance of developing thermal systems that effectively use energy resources such as natural gas is apparent [19] . Effective use of energy resources is determined with both the first and second laws of thermodynamics. Energy cannot be destroyed; the idea that something can be destroyed is useful in the analysis of power plants and thermal systems [20] . This idea does not apply to energy, however, but to exergy. Many researchers suggested that the impact of energy resource utilization on the environment and the achievement of increased resource-utilization efficiency are best addressed by considering exergy [21] [22] . The main exergy analysis is to identify useful work (exergy) efficiencies, causes, true magnitudes of exergy losses, position and amount in the components and total plant [23] [24] . It is necessary to carry out this exergy analysis from time to time in gas power plant because it helps in assessing and evaluating the conditions of the gas turbine power plant.
It is useful to combine second law of thermodynamic with economic principles for the systematic study of energy systems. This combination forms the basis of the relatively new field of thermoeconomics or exergoeconomics. Exergoeconomics combines exergy analysis with conventional cost analysis in order to evaluate and optimize the performance of energy systems. Exergoeconomics is a tool used for improving overall system efficiency and lowering life cycle costs of a thermodynamic system. It incorporates the associated costs of the thermodynamic inefficiencies in the total product cost of an energy system [19] [25] [26] [27] . Exergoeconomic analysis estimates the unit cost of product quantifies monetary loss due to irreversibility.
According to Anosike [28] , probabilistic approach as compare to conventional deterministic approach is much more realistic way of describing uncertainties in variables for a risk analysis. The most sensitive variables as revealed by sensitivity analysis result are the focus of the probabilistic analysis. The first element of the probabilistic approach is building of the probability distributions of the highly sensitive input variables to replace the single point values used during deterministic evaluation.
The most comprehensive approach to take into account a wide range of uncertainties in key risks is to use a probabilistic assessment [29] . Monte Carlo simulation and related techniques are capable of addressing many of the limitations of decisions analysis and of sensitivity analysis. The Monte Carlo simulation approach consists in characterizing the uncertainty in model outputs by assigning probability distributions to inputs, and to simulate the output distribution by repeated sampling. In this way, Monte Carlo simulation provides a much more happen, but how likely it is to happen. Probabilistic approaches are powerful tools to give insights on the impact of uncertainties and risks on power investments [30] . The methodology has been used by many researchers in other areas.
Kurz et al. [31] conducted a probabilistic approach for compressor sizing and plant design. Singh [32] and Singh et al. [33] have discussed probabilistic approaches to individual equipment items, such as turbine blades or impellers.
Roques et al. [30] did a study using probabilistic analysis to value power generation investments under uncertainty on three base-load technologies (combined cycle gas turbine, coal plant, and nuclear power plant), and demonstrate using three case studies how such a probabilistic approach provides investors with a much richer analytical framework to assess power investments in liberalised markets. Anosike [28] , in his thesis work use probalistic approach to analyze the technoeconomic evaluation of flared natural gas reduction and energy recovery using gas-to-wire scheme. Hanak [34] carried out probabilistic assessment of a coal-fired power plant. Feretic and Tomsic [35] , noted that general analyses which deals with future predictions in real-world somehow involves element of uncertainty and are too complex to solve by a strict analytical method.
Monte Carlo simulation provides a number of advantages over deterministic analysis:  Probabilistic Results. Results show not only what could happen, but how likely each outcome is.  Graphical Results. Because of the data a Monte Carlo simulation generates, it is easy to create graphs of different outcomes and their chances of occurrence. This is important findings to other stakeholders.  Sensitivity Analysis. With just a few cases, deterministic analysis makes it difficult to see which variables impact the outcome the most. In Monte Carlo simulation, it is easy to see which inputs had the biggest effect on bottom-line results.  Scenario Analysis. In deterministic models, it is very difficult to model different combinations of values for different inputs to see the effects of truly different scenarios. Using Monte Carlo simulation, analysts can see exactly which inputs had which values together when certain outcomes occurred. This is invaluable for pursuing further analysis.  Correlation of Inputs. In Monte Carlo simulation, it is possible to model interdependent relationships between inputs variables. It is important for accuracy to represent how, in reality, when some factors go up, others go up or down accordingly. A probabilistic approach using Monte Carlo simulation and risk analysis is presented, that more accurately defines uncertainties and its impact on plant performance. The problem with this approach is that the true level of success may not be well conveyed.
Specifically in this work, the use of probabilistic tool allows tackling unpredictability of component performance due to varying ambient conditions (at least temperature), as well as power plant part-load operations.
Power Plant Overview
The plant under consideration consists of a 25 MW (GT8 and GT12) Hitachi and W net is available energy for generator.
Concept of Exergy
Energy manifests itself in many forms, which are either internal or transient, and energy can be converted from one form to another [15] . Energy analysis is used to assess the way energy is transfer or converted in a process involving the physical or chemical processing of materials. It usually involves the performing of energy balances, which are based on the First Law of Thermodynamics. Energy balances treat all forms of energy as equivalent, without differentiating between different grades of energy crossing the system boundary [11] . Generally, energy balances provide no information on the degradation of energy or resource during a process and does not quantify the various energy and material stream flowing through and exiting the system.
Exergy is defined as the maximum useful work which could be produced by a stream or system in a specified environment. Exergy is a measure of the maximum capacity of a system to perform useful work as it proceeds to a specified final state in equilibrium with its surroundings. The available work that can be extracted from an energy source depends on the state of the source's surroundings [36] . An exergy balance applied to a process or a whole plant tells us how Exergy of a stream of matter is distinctly divided into four components: kinetic, potential, physical and chemical, in the absence of nuclear effects, magnetism, electricity etc. The exergy balance of a system can be generally written as:
The kinetic and potential energies of a stream of substance are ordered forms of energy and they depend only on the mass and as such fully convertible to work. Therefore, when evaluated in relation to the environmental reference state, they are equal to kinetic and potential exergy.
V and Z are important where there is direct interaction of stream with the environment. Kinetic and potential energy are neglected in this study due to their insignificant.
Physical exergy is the maximum useful work that can be extracted from a unit mass of substance passing through a specified state ( ) [11] and it is given as:
When the specified state s T is equal to environmental state 0 T , by ideal gas relation, Equation (4) becomes:
Chemical exergy represents the maximum useful energy that can be extracted while the flow moves from an environmental state to a dead state due to differences in concentration and molecular structure. In the environmental state, the system is mechanically and thermally at equilibrium state, but not chemically [6] .
The chemical exergy for fuel stream is given by:
Exergy Analysis
The following assumptions were made considering the second law of thermodynamics analysis:
1) Heat losses from all plant components are negligible.
2) Kinetic and potential energy components of exergy are neglected.
3) Fuel (natural gas) is taken as methane and modeled as an ideal gas. The exergy balance equation for a control volume in steady state according to [11] is given as:
The subscripts i refer to conditions at inlet, e and j exits of control volume boundaries and o is the reference state.
Also, the thermomechanical exergy stream may be decomposed into mechanical and thermal components of exergy [37] [38] . It is given as:
where the subscripts i and j denote, respectively, exergy flow streams entering or leaving the plant component. M, T and P represent material components under study, thermal property and mechanical property respectively.
The thermal and mechanical components of the exergy stream for an ideal gas with constant specific heat expressed by [39] are given in Equations (9) and (10).
where, o P and o T are the pressure and temperature, respectively, at standard state; m  is the mass flow rate of the working fluid; R is the gas constant; p c is the specific heat at constant pressure.
With the decomposition of an exergy stream defined in eqn. (7) , the general exergy-balance equation is written as stated by [5] [40] as:
The term W E  in Equation (11) 
Exergy Balance Equations of Gas Turbine Plant
The exergy balance equation for each component in the power station can be derived from the general exergy balance equation given in Equation (11) 
Combustion chamber:
Turbine:
Chemical exergy of fuel (Methane):
Exergy Destruction
Exergy is not conserved but destroyed in irreversible systems. The irreversibilities are caused by internal irreversibilities such as friction, unrestrained expansion, mixing and chemical reaction and external irreversibilities arise from heat transfer through a finite temperature difference. The energy associated with material or energy stream is rejected to the environment whenever there is exergy lost in the system [41] . The exergy destroyed in each of the components and for the overall plant as stated in [7] is shown as follows in Equations (16)- (18) .
Total exergy destroyed in the plant, Dplant E  :
Exergoeconomic Analysis
Exergoeconomic based on the concept that exergy is the only rational basis for assigning monetary costs to the interactions that a system experiences with its surroundings and to the sources of thermodynamic inefficiencies within it [19] .
There are different exergoeconomic methodologies discussed in the literatures [27] [38] [42] [43] . In this study Specific Exergy Costing (SPECO) method is used. This method is based on specific exergies and costs per exergy unit, exergetic efficiencies, and the auxiliary costing equations for components of thermal system [19] .
Exergoeconomic analysis of energy conversion system, Tsatsaronis [27] proposed four steps which were followed in this study. These steps are: • Economic analysis of each of the plant component.
• Estimation of exergetic costs associated with each flow and
• Exergoeconomic evaluation of each system component.
Economic Analysis
The economic analysis, conducted as part of the exergoeconomic analysis, provides the appropriate monetary (cost) values associated with the investment, operating (excluding fuel), maintenance and fuel costs of the system being analyzed [27] [44] . These values are used in the cost balances. The annualized (levelized)
cost method of Moran [45] is used to estimate the investment (capital) cost of various plant components in this study. The amortization cost for a particular plant component may be written [38] as: 
where,
The capital recovery factor (CRF) depends on the interest rate as well as estimated equipment lifetime [47] , i is the interest rate and n is the total operating period of the plant in years. Equations for calculating the purchase equipment costs (PEC) for the components of the power station are as follows [19] [48]
[49]:
Compressor, C PEC : 
For converting capital investment cost into cost per time unit, one may write [46] as: 25) N is the annual number of operation hours of the unit and maintenance cost is taken into consideration through the factor 1.06 k ϕ = for each plant compo-Energy and Power Engineering nent [46] .
The cost associated with fuel is obtained from (26) where the fuel cost per energy unit (on an LHV basis) is
Exergy Costing
The exergy analysis yields the desired information for a complete evaluation of the design and performance of an exergy system from the thermodynamic viewpoint. With this, the plant operator needs to know how much the exergy destruction in a plant component costs and knowing this cost is very useful in improving the cost effectiveness of the plant [27] .
To perform exergy costing calculations, the schematic diagram of the gas tur- 
The cost balance for each component and the required auxiliary equations of Figure 1 are as follows:
Compressor:
Combustion Chamber:
The numbers in subscripts denote the states of material streams described in Auxiliary equations for exergy costing can be obtained by applying fuel ("F") and product ("P") rules to each component [52] . These are: 
A zero unit cost is assumed for air entering the air compressor, which is:
Solving the Equations (30) -(36) simultaneously, one may obtain the cost flow rate and average unit cost at each inlet and outlet of the kth component. ,
Exergoeconomic Evaluation of Each Plant Component
, , ,
The cost rate associated with exergy destruction is given as:
The relative cost difference k r is written [23] as:
, ,
,
Results and Discussion

Exergy Results
The average operating data used in this analysis were values obtained from operator's manual and logbook of Transcorp gas turbine power plants for the period of five years (2010-2014) as presented in Table 2 .
In this analysis, standard reference ambient temperature and pressure are as- Table 3 . The exergy analysis results obtained at full load operation show that the turbine has the highest exergy efficiency of 96.13% for GT8 unit, 98.02% for GT12 unit, 96.26% for GT16 unit, 96.30% for GT19 unit, followed by compressor 94.23% for GT8 unit, 90.89% for GT12 unit, 88.38% for GT16 unit, 88.58% for GT19 unit and combustion chamber having the lowest 44.84% forGT8 unit, 43.42% for GT12 units, 56.10% for GT16 unit, 56.69% for GT19 unit. Moreover, the combustion chamber has the highest exergy destruction efficiency of 55.16% GT8 unit, 56.58% GT12 unit, 43.90% GT16 unit, and 43.30% GT19 unit respectively.
The results of exergy analysis from the four units show that the combustion chamber is the most significant exergy destruction with lowest exergy efficiency and highest exergy destruction efficiency of plant components as shown in Fig . Figure 4 and Figure 5 show the comparison of the exergy efficiencies and exergy destruction efficiencies of the compressor, combustion chamber, turbine and the total plant when the ambient temperature increases. It is observed that the combustion chamber has the lowest exergy efficiencies and highest exergy destruction efficiencies as the ambient temperature increases. Figure 6 shows the exergy destruction of two plants operating with a wide range of load variations. The results show that, at part load, the exergy destruction efficiency of each component increases with decrease in loads, with combustion chamber having the highest exergy destruction. Figure 7 and Figure 8 show the percentage variation of exergy destruction of each component with respect to load variations and it is observed that the turbine has higher percentage variation of exergy destruction as the plant operates at part-load. It means that operating at part-load consequently caused high exergy destruction in plant components, hence reduced the overall plant performance. Therefore, plant should always be run on maximum or full load in order to reduce the exergy destruction of each component and overall plant.
Exergoeconomic Analysis
Before now, the method of improving plant component and how to improve it were solely based on thermodynamics. The thermodynamic analysis is very important but the exergonomic analysis which is based on cost associated with exergy of a component has an important role to play and has more significant economically when analyzing a system. The knowledge of the cost of exergy in a component is a very useful parameter for improving the cost-effectiveness of a plant [27] . Tables 4-7 Table 4 . Exergoeconomic parameters of gas turbine components of GT8. Table 5 . Exergoeconomic parameters of gas turbine components of GT12. Table 6 . Exergoeconomic parameters of gas turbine components of GT16. Table 7 . Exergoeconomic parameters of gas turbine components of GT19. The unit cost of electricity produced in each unit is given as 7.38 $/GJ GT8, 7.362 $/GJ GT12, 9.00 $/GJ GT16 and 8.99 $/GJ GT19. The exergoeconomic parameters considered in this study include average costs per unit of fuel exergy C F and product exergy C P , rate of destruction D E  , cost rate of exergy destruction D C , investment cost rate Z  , and exergoeconomic factor f . The components with the highest value of 
Probabilistic Performance Analysis
Probability distributions were constructed using curve fitting for the input parameters of ambient temperature (AT) and turbine inlet temperature (TIT). The distribution type and statistic for the input parameter are defined in two scenarios as shown in Table 8 and Table 9 . Varying ambient temperature and pro- Part-load scenario, the ambient temperature (AT) produced uniform distribution, showing probability cumulative distribution (see Figure 9 ). The turbine inlet temperature (TIT) produced ExtValueMin distribution (see Figure 12 ). 
Conclusions
In this study, the probabilistic exergoeconomic analysis was performed for four The results obtained from exergy analysis at full load operation show that the turbine has the highest exergy efficiency of 96.13% for GT8 unit, 98.02% for GT12 unit, 96.26% for GT16 unit, 96.30% for GT19 unit, followed by compressor 94.23% for GT8 unit, 90.89% for GT12 unit, 88.38% for GT16 unit, 88.58%
for GT19 unit and combustion chamber having the lowest 44.84% forGT8 unit, 43 .42% for GT12 units, 56.10% for GT16 unit, 56.69% for GT19 unit. Moreover, the combustion chamber has the highest exergy destruction efficiency of 55.16%
GT8 unit, 56.58% GT12 unit, 43.90% GT16 unit, and 43.30% GT19 unit respectively. The exergy analysis results obtained from the four units show that the combustion chamber (CC) is the most significant exergy destruction with lowest exergy efficiency and highest exergy destruction efficiency of plant components, which is caused by high irreversibility and large temperature difference between the flame and the working fluid [19] . However, increase in turbine inlet temperature (TIT) reduces the exergy destruction efficiency as obtained from the results. The results of exergoeconomic analysis from four units show the exergy destruction cost of combustion chamber to be 531.08 $/h GT8 unit, 584.53 $/h GT12 unit, 2351.81 $/h GT16 unit, and 2315.93 $/h GT19 unit. Exergy destruction cost of turbine: 50.99 $/h GT8 unit, 27.84 $/h GT12 unit, 277.36 $/h GT16 unit and 274.46 $/h GT19 unit, also exergy destruction cost of compressor: 42.51 $/h GT8 unit, 69.15 $/h GT12 unit, 556.31 $/h GT16 unit, and 547.60 $/h GT19 unit respectively. The exergoeconomic analysis results from the four units show that the combustion chamber has the highest cost of exergy destruction as compared to other components and lowest value of exergoeconomic factor f , which implies that the component accounts for the highest cost rate of exergy destruction. Hence, the component efficiency should be improved by increasing the capital investment costs k Z  . The probabilistic analysis results show the possible outputs and their probability of occurrence in each component of the plant. The analysis results show not only what could happen, but how likely it is to happen unlike deterministic analysis (single point estimates). With probability analysis, it shows the probability when component is having low or high exergy destruction and range at which to operate to reduce exergy destruction and increase exergy efficiency in plant.
